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Secondary Structure Switching
in Cro Protein Evolution
is summarized in Figure 1. The genes encoding Cro
and cI occupy adjacent positions in the genome of the
phage, and are divergently transcribed from a central
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Molecular Biophysics regulatory region containing three operator sites (Figure
1A). Cro and the N-terminal domain of cI both use helix-University of Arizona
Tucson, Arizona 85701 turn-helix motifs (Figures 1B and 1C) to bind competi-
tively to these operators, regulating transcription levels
of the two genes and ultimately influencing phage life-
style within the bacterial host (Ptashne, 1986). The com-
mon DNA binding motif, proximity of the genes, andSummary
competitive operator binding combine to strongly sug-
gest that these two domains are related and divergedWe report the solution structure of the Cro protein
from bacteriophage P22. Comparisons of its sequence from a common ancestor by gene duplication (Figure
1A) (Sauer et al., 1982).and structure to those of  Cro strongly suggest an
-to- secondary structure switching event during Recent evidence (LeFevre and Cordes, 2003)
(M.H.J.C. and J.H.K., unpublished data) suggests thatCro evolution. The folds of P22 Cro and  Cro share
a three  helix fragment comprising the N-terminal the evolution of most Cro and cI proteins is well de-
scribed by linear descent from a single, very ancienthalf of the domain. However, P22 Cro’s C terminus
folds as two helices, while  Cro’s folds as a  hairpin. duplication event, with few instances of functional
crossover between the two separate lineages. For allThe all- fold found for P22 Cro appears to be ances-
tral, since it also occurs in cI proteins, which are an- but a few lambdoid phages, sequence identity between
Cro and the corresponding cI N-terminal domain is be-ciently duplicated paralogues of Cro. PSI-BLAST and
transitive homology analyses strongly suggest that the low 25%, consistent with an ancient duplication. Diver-
sity within each lineage is also extremely high, with manysequences of P22 Cro and  Cro are globally homolo-
gous despite encoding different folds. The  fold sequences having diverged beyond easily recognizable
pairwise similarity. Nonetheless, the great majority ofof Cro therefore likely evolved from its all- ancestor
by homologous secondary structure switching, rather known Cro sequences, including the Cro from bacterio-
phage  itself, can be shown by transitive homology tothan by nonhomologous replacement of both se-
quence and structure. form a homologous network exclusive of the cI proteins
(see Figure 7). Thus, consistent with the existence of
two functionally separate ancient lineages, most Cro
sequences appear to be more closely related to eachIntroduction
other than to cIs, and likewise most cI sequences are
more closely related to each other than to Cros.There are about 800 known protein topologies or “folds”
(Murzin et al., 1995; Orengo et al., 1997). In principle, At least one recent crossover event between Cro and
cI has certainly occurred, however. In bacteriophageall of these folds could have independent evolutionary
origins. More likely, some if not many of the known 434, the Cro and cI N-terminal domain sequences are
quite similar, sharing nearly 50% identity. 434 Cro alsoprotein folds arose via evolutionary modifications of pre-
existing structures. In fact, recent reviews (Grishin, 2001; shows statistically significant sequence similarity to cI
proteins from other phage (e.g., N15, D3), but is notKinch and Grishin, 2002; Murzin, 1998) have cataloged
a variety of structural changes occurring in protein fold similar to other Cros. In light of these observations, 434
Cro is more accurately described as belonging to theevolution, including insertion, deletion, substitution, and
rearrangement of secondary structure elements. These ancient cI lineage, and is almost certainly the product
of a recent, second duplication event in which the geneexamples show that dramatic structural changes in evo-
encoding the cI N-terminal domain multiplied and dis-lution are neither rare nor restricted to a few specific
placed the adjacent cro gene. Indeed, the necessity forcategories. Advances in sequence and structure analy-
at least one Cro/cI crossover event was noted early on,sis, along with expansions of databases, offer the prom-
largely on the basis of sequence comparisons involvingise of identifying more such transformations and, per-
the 434 proteins (Sauer et al., 1982).haps more importantly, of understanding the underlying
The stage is now set for a consideration of structuralmechanisms and functional consequences. Here we use
evolution in the Cro/cI superfamily. Structures area combination of structure determination and sequence
known for five members (Figure 1B) (Huang and Oas,analysis to address the mechanism of structural diver-
1995; Matsuo et al., 1995; Mondragon et al., 1989a,gence in the Cro/cI superfamily, a group of transcription
1989b; Neri et al., 1992; Ohlendorf et al., 1998; Pabofactors present in bacteriophage  and other lambdoid
and Lewis, 1982; Padmanabhan et al., 1997). The cIphages.
N-terminal domains, along with the reclassified 434 CroOur current view of lambdoid phage Cro/cI evolution
(see discussion above), are monomeric in solution and
have a fold consisting of five  helices. In the lone true
member of the Cro lineage,  Cro, the two C-terminal*Correspondence: cordes@email.arizona.edu
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Figure 1. Current Picture of Cro/cI Evolution
(A) Schematic showing duplication of ances-
tral DNA binding domain gene to give Cro
and cI N-terminal domain lineages. The three
operators in the intergenic region are shown
as unfilled boxes.
(B) Known structures of Cro proteins and cI
N-terminal domains. The polytomy in the cI
lineage is intended to indicate uncertainty in
branching order. The dashed line indicates
the origin of 434 Cro through recent duplica-
tion of a cI N-terminal domain. Ribbon dia-
grams were generated using MOLSCRIPT
(Kraulis, 1991) and Raster3d (Merritt and
Bacon, 1997).
(C) Diagram showing order and general loca-
tion of secondary structures in the sequences
of  Cro and the cI N-terminal domains. 
strands are shown in red, while helices are
shown in blue.
helices of the cI proteins are replaced by a  hairpin, tionality or mechanism of the structural change. Which
(if either) of the all- and  folds is ancestral (Figurewhich interacts with a third, short  strand at the very
N terminus (Figures 1B and 1C).  Cro thus has a mixed 1B)? By what mechanism did the descendant Cro/cI
fold evolve from the ancestral form? fold rather than an all-helical “five-helix” fold. In
addition,  Cro dimerizes at nanomolar (Darling et al., If one of the two folds were found in both Cro and cI
lineages or in an outgroup to the Cro/cI proteins, it could2000) to low-micromolar (Jana et al., 1997; LeFevre and
Cordes, 2003) concentrations in solution by formation be established as ancestral using a parsimony argu-
ment. Two problems that limit this argument are theof an intermolecular  sheet (second monomer shown
in gray in Figure 1B). Stable, monomeric  variants of large amounts of sequence divergence of these ancient
lineages and the fact that only a few Cro/cI structures Cro have been produced by mutagenesis and design
(LeFevre and Cordes, 2003; Mossing and Sauer, 1990), are known. As seen in Figure 1B, the  fold is unique
to  Cro, while the all- fold has four representatives insuggesting that the oligomeric states of Cro/cI proteins
are not necessarily coupled to their folds. the cI lineage and none in the Cro lineage (Figure 1B).
The only hint that either fold may be present in bothThe structural diversity of Cro/cI proteins described
above was first recognized more than 20 years ago lineages comes from the structure of the Ner protein, a
transcription factor from the nonlambdoid phage . Ner(Sauer et al., 1982) and constitutes a textbook case
(Branden and Tooze, 1991) of radical protein fold evolu- has a five-helix fold (Strzelecka et al., 1995), but has a
regulatory function similar to the lambdoid Cro proteinstion. Yet essentially nothing is known about the direc-
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(Van Leerdam et al., 1982). It is possible that Ner belongs symmetry: it is the only Cro/cI protein from lambdoid
phages 434, P22, and  for which a structure has notto the same ancient lineage as  Cro. However, Ner has
no detectable sequence similarity to any lambdoid Cro yet been solved. Moreover, P22 Cro fits the profile of
a true member of an ancient Cro lineage, having noor cI protein, so any such classification must be re-
garded as ambiguous. Aside from Ner, the all- five- significant sequence similarity to the cI from phage P22
or any other known phage. We show here that, in con-helix fold is also used by a number of nonphage proteins,
while the  fold is found in Nature only in  Cro. trast to  Cro, P22 Cro has an all- five-helix fold. In
addition, although the sequences of P22 Cro and  CroWhile some of these other five-helix proteins could be
outgroups to Cro/cI, establishment of such a relation- are only 25% identical in a global alignment, evidence
presented below strongly suggests that they are in factship is generally precluded by the extreme sequence
diversity of this superfamily. globally homologous and belong to the same ancient
Cro lineage. These findings provide the basis for anIn terms of fold evolution mechanisms, qualitatively
similar changes at the level of structure can result from understanding of the directionality and broad mecha-
nism of structural evolution in Cro/cI proteins.qualitatively different types of change at the level of
the amino-acid sequence (see Grishin’s review for a
thoughtful discussion of the possibilities [Grishin, 2001]).
ResultsIn the case of fold change in the Cro/cI superfamily, we
envision two broad limiting mechanisms, which we term
Biophysical Properties of P22 Crohomologous switching and nonhomologous replace-
We cloned, expressed, and purified P22 Cro (see Experi-ment (Figure 1C). In a homologous switching mecha-
mental Procedures). Thermal denaturation of purifiednism, the C-terminal sequence of  Cro, which adopts
P22 Cro, monitored by circular dichroism at 222 nm (5a  hairpin structure, shares common ancestry with the
M protein), shows a reversible, cooperative unfoldinghelical C termini of the cI N-terminal domains (see Figure
transition with a midpoint (Tm) of 56C (data not shown).1C). At some point in evolution, the C terminus of some
Hence, P22 Cro is stably folded. The folded state of P22ancestral Cro or cI switched conformation from  helix
Cro is a monomer in solution. Sedimentation equilibriumto  sheet or vice versa. Such a change could have
data (Figure 2A) at 0.150.30 mM fit well to a singlebeen induced by accumulation of simple substitution
ideal species model, with the average of the best fits atmutations, by insertions or deletions limited to a few
30,000 and 37,000 rpm giving a molecular weight ofamino acids, or conceivably by homologous recombina-
6,878 Da at 0.15 mM and 6,908 Da at 0.3 mM. Bothtion. In a nonhomologous replacement mechanism, the
values are close to the theoretical monomer molecularstructurally similar portions of the proteins, including
weight of 6,826 Da. NMR spectra obtained at widelythe helix-turn-helix DNA binding motifs, are encoded by
differing concentrations (0.6 and 3 mM; data not shown)homologous sequences, but the homology does not
also show no significant differences in line shape, reso-extend to the structurally divergent C termini. Instead,
nance positions, or number and relative intensity ofthe C terminus of some ancestral Cro or cI protein was
peaks. To the extent that P22 Cro oligomerizes at all,replaced by a nonhomologous fragment, presumably as
the dissociation constant is likely to be 10 mM. In thisa result of some large insertion/deletion, frameshift, or
regard, P22 Cro is similar to the cI N-terminal domains,illegitimate recombination event. Placed within the
and dissimilar to  Cro, which dimerizes with a dissocia-global tertiary context, the new C-terminal sequence
tion constant of	10 M (Darling et al., 2000; Jana et al.,encoded a different secondary structure, leading to the
1997; LeFevre and Cordes, 2003). Previous gel filtrationevolution of a new fold.
experiments (Poteete et al., 1986) were not unequivocalThe key distinction between these two mechanisms
but showed an elution volume more consistent with ais that homologous switching occurs with conservation
monomer than with a dimer. Our results solidly confirmof global sequence homology, whereas nonhomologous
these authors’ interpretation that P22 Cro is a monomer.replacement is discontinuous in nature and preserves
The far ultraviolet circular dichroism (CD) spectrumonly local homology (Grishin, 2001). Hence, the observa-
(Figure 2B) of P22 Cro suggests a mixture of  helix andtion of statistically significant global sequence similarity
 sheet secondary structure. Superficially, it resemblesbetween  Cro and the cI N-terminal domains would be
spectra of both wild-type dimeric Cro and Cro A33W/positive evidence for the homologous switching mecha-
F58D, a stable monomeric variant which retains the nism. However,  Cro shares 20% or less sequence
fold (LeFevre and Cordes, 2003; T.N., K.R. LeFevre, andidentity with all of the cI N-terminal domains of known
M.H.J.C, unpublished data). Like  Cro, P22 Cro lacksstructure (Sauer et al., 1982). In our hands, no sequence
an ellipticity minimum at 222 nm, contrary to expectationanalysis technique yields an evolutionarily informative
for an all-helical fold. The ellipticity value at 222 nm,and statistically reliable alignment of these proteins.
which is generally related to helical content, is alsoThey are simply too distantly related. It is important to
nearly the same for the two proteins. Considered innote, however, that the absence of identifiable global
isolation, these data suggest that P22 Cro has mixedsequence similarity does not rule out a very remote
 secondary structure content similar to  Cro. How-global homology which eludes easy detection.
ever, the odd shape of the spectrum, particularly theWe reasoned that examination of the structural prop-
upward dip near 230 nm, suggests a positive dichroismerties of additional members of this superfamily, com-
contribution from an aromatic side chain, which wouldbined with sequence analysis, could clarify the issues
preclude unequivocal interpretation of secondary struc-of directionality and mechanism in Cro/cI fold evolution.
We decided to study P22 Cro for reasons of aesthetic ture content. Tyrosine and phenylalanine residues, of
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Figure 3. Superposition of 21 Calculated Solution Structures of P22
Cro
The backbone is shown in black, while hydrophobic core side chains
(less than 10% solvent accessible surface averaged over the ensem-
ble) are shown in red.
P22 Cro possessed five  helices and no  strands. The
full solution structure of P22 Cro (Figure 3), calculated
from a total of 972 distance, dihedral angle, and hydro-
gen bond restraints (see Experimental Procedures), con-
firms the five-helix fold predicted by H CSI. The statis-
tics shown in Table 1 indicate that the structure is of
high resolution and quality, with superpositions of the
21 ensemble structures yielding average pairwise rmsds
of 0.53 A˚ for backbone atoms and 1.29 A˚ for heavy
atoms (residues 1–57). Calculated relative to the mean
structure, rmsds for the same region were 0.37 A˚ (back-
bone) and 0.90 A˚ (all heavy atoms). A high percentage
of residues occupy the most favored region of Rama-
chandran space, both for the ensemble (88%) and for
the minimized average (92%). The helix-turn-helix motif
superimposes nicely on that of  Cro (0.5 A˚ rmsd forFigure 2. Oligomerization and Secondary Structure of P22 Cro
heavy backbone atoms), as would be expected due to
(A) Sedimentation equilibrium (300 M protein, 50 mM Tris [pH 7.5],
its functional importance. Four helices encompassing250 mM KCl, 0.2 mM EDTA) monitored at 300 nm at a rotor speed
residues 3–10 (helix 1), 13–20 (helix 2), 24–29 (helix 3),of 30,000 rpm. The solid line indicates the best fit of the data to a
and 36–45 (helix 4) are clearly evident in all ensemblesingle ideal species model (see Experimental Procedures). Mw and
R are, respectively, the molecular weight calculated from the fit and members and in the minimized average (Figure 4A), as
the correlation coefficient. calculated by PROCHECK-NMR (Laskowski et al., 1996).
(B) Far-ultraviolet circular dichroism spectra (50 M protein, 100 A very short fifth helix ( or 310), including all or part ofmM sodium phosphate [pH 7.0]) of P22 Cro (filled circles),  Cro
residues 54–57, appears in the minimized average and(open circles), and  Cro-A33W/F58D (open squares).
in 7 of 21 ensemble structures. In all of the ensemble
members, the backbone dihedral angles for residues
54–57 are in or very near the helical region of the Rama-which P22 Cro has five, are particularly biased toward
positive dichroism in this region (Woody, 1978). chandran plot. The explicit observation of this helix in
only a third of ensemble structures is largely a function
of poorer resolution (Figure 3) and fewer restraints inSolution Structure of P22 Cro
To further characterize the secondary structure of P22 this region. Visual comparison of Figures 4A and 1B
clearly shows that that P22 shares the same generalCro, we obtained an essentially complete set of NMR
resonance assignments (see Experimental Procedures). “five-helix” fold as the cI N-terminal domains. Provided
one accepts that P22 Cro belongs to the ancient CroA simple chemical shift index (CSI) (Wishart et al., 1992)
analysis of H protons (data not shown) suggested that lineage, this fold is therefore represented in both of the
lineages within the superfamily. The most parsimoniousthe CD comparison with  Cro was misleading, and that
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conserved half is composed of three  helices, two ofTable 1. Structural Statistics for P22 Cro Solution Structure
which comprise the helix-turn-helix motif. The backbone
Distance restraints
rmsd between P22 Cro and  Cro for the conserved half
Total 926 is 1.5 A˚. The divergent half is composed of two additional
Intraresidue 217 helices in the case of P22 Cro and a two-stranded 
Sequential (|i  j| 
 1) 214
hairpin in the case of  Cro. The  Cro  hairpin interactsMedium range (2  |i  j|  5) 275
with a short N-terminal tail (see Figure 4D) to form aLong range |i  j|  5 210
three-stranded  sheet. Backbone rmsd between P22Hydrogen bond distancesa 10
Cro and  Cro for the divergent half is 7.1 A˚. Clearly,
Dihedral restraints
the two C-terminal subdomains differ radically, most
φ (C(i1)-Ni-Ci-Ci) 41 notably in secondary structure content. However, they
 (Ni-Ci-Ci-C) 5 also have certain features in common, as seen in the
Stereospecific assignments superposition (Figure 4C). The C-terminal halves occupy
a similar region of space, begin and terminate at nearly methylene group 4
the same point, and are composed of two secondary valine methyl group 5
 leucine methyl group 3 structure elements separated by a glycine-containing
turn (see Figure 4D) which serves to reverse the chainAverage rms deviations from:
direction. In essence, they are distinct types of structural
Distance restraints (A˚) 0.009  0.0008 module which serve a common structural purpose.
Dihedral angle restraints () 0.053  0.0143
The two glycine-based turns are themselves an intri-Idealized covalent geometry
guing combination of similarities and differences. TheBonds (A˚) 0.001  0.0001
glycine (Gly48 in both P22 Cro and Cro) in both proteinsAngles () 0.295  0.0032
Impropers () 0.113  0.0079 has a left-handed conformation, but otherwise the turns
are structurally unrelated. In the case of P22 Cro, theEnergiesa
chain reversal consists of an elaborate noncanonical
Total 41.57  1.88 (37.4) capping structure at the end of the fourth helix (Figure
NOE 5.29  0.96 (4.50)
5A). Val45 and Thr46 form a type I tight turn that isDihedral 0.01  0.00 (0.02)
essentially part of this helix. Ala47 has a left-handedBond 1.15  0.13 (0.83)
conformation, and main chain hydrogen bonds are ob-Angle 23.33  0.51 (22.1)
van der Waals 10.79  1.40 (9.22) served between Glu43 and Gly48 and between Ile44 and
Ala47. The above features are typical of a SchellmanNumber of
motif or non-Gly Schellman motif (Aurora and Rose,Ramachandran plota,b residues %
1998) in which Thr46 is the Ccap and Ala47 is C. How-
Most favorable region 960 (48) 87.9 (92.3)
ever, the C″ residue (Gly48) also has a left-handed con-Additionally allowed region 132 (4) 12.1 (7.7)
formation (inconsistent with a Schellman motif), andGenerously allowed region 0 (0) 0.0 (0)
Disallowed region 0 (0) 0.0 (0) joins Ala47 to form a type I turn or short left-handed
310 helix. A hydrogen bond is formed between the car-Average rms deviations of atomic coordinates between 21
bonyl of Thr46 and the amide proton of Ala49 in a numberstructures (residues 1–57)
of ensemble structures. Ala49 then adopts a right-
Backbone heavy atoms (A˚) 0.53
handed-helical conformation, which leads to formationAll heavy atoms (A˚) 1.29
of a buried hydrogen bond between the side chain hy-
a Values in parentheses are for the minimized average of the 21 droxyl of Thr46 and the amide of either Leu50 or Ala49
lowest energy accepted structures. (possibly both). This extended turn motif both caps theb Region of the Ramachandran plot as defined by PROCHECK-NMR.
helix and reverses chain direction.  Cro has a less
convoluted chain reversal (Figure 5B) involving residues
45–49 and linking strands 2 and 3 of the C-terminal 
explanation is that the common ancestor of the Cro/cI hairpin. In this turn, the left-handed glycine forms part
proteins had such a fold. of a canonical type-I -hairpin motif (Bystroff and Baker,
Comparison of the structures of P22 Cro and  Cro, 1998), unrelated to the unusual helix termination motif
on the other hand, reveals both radical differences and in P22 Cro.
interesting similarities. Figures 4A–4C show P22 Cro
and  Cro individually and with helix-turn-helix motifs
superimposed. Figure 4D shows a structurally anno- Global Homology between P22 and  Cro
The structure of P22 Cro supports a model for Cro/cItated global sequence alignment generated with Clus-
talX (Thompson et al., 1997). Overall, the rmsd between evolution in which the all- fold is ancestral. Does it also
clarify the broad mutational mechanism of fold change?the P22 Cro structure and the  Cro crystal structure
for residues 1–60 (unaligned sequences) is 7.8 A˚. If the What is the evolutionary significance, if any, of the pair-
wise alignment shown in Figure 4D? As discussedrmsd is calculated based on the pairwise alignment (Fig-
ure 4D), it drops to 5.3 A˚, which is still very high. Looked above, the fold difference in the C-terminal halves of
P22 Cro and  Cro could originate by homologousat more closely, both the sequence alignment in Figure
4D and the structural superposition of Figure 4C can be switching or nonhomologous replacement. In distin-
guishing between the two, the relevant question isdivided roughly into two halves: a structurally conserved
N terminus and a structurally divergent C terminus. The whether the sequences of P22 Cro and Cro are globally
Structure
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Figure 4. Comparison of P22 Cro and  Cro Structures
(A) Ribbon diagram of P22 Cro (minimized average structure, residues 1–60), (B) ribbon diagram of  Cro (O monomer from the crystal structure,
residues 1–60 [Ohlendorf et al. 1998]), (C) superposition of P22 Cro and  Cro, generated by fitting the helix-turn-helix motifs (residues 13–29
in P22 Cro and 16–32 in  Cro), and (D) global sequence alignment of P22 Cro and  Cro, generated using ClustalX (Thompson et al., 1997)
and annotated with secondary structures and sequence conservation information. Zigzag patterns indicate helices, while arrows indicate 
strands. Asterisks indicate identical amino acid residues, whereas dotted patterns indicate similarities. Ribbon diagrams were generated using
MOLSCRIPT (Kraulis, 1991) and Raster3d (Merritt and Bacon, 1997).
homologous, i.e., related throughout the core domain, or four possible reasons for this failure. First, the proteins
might be altogether unrelated, which seems unlikelylocally homologous, i.e., related only in the structurally
conserved regions. Global homology implies homolo- given the conserved gene context and function. Second,
the homology might be so remote that even sophisti-gous switching; local homology implies nonhomologous
replacement. cated search methods cannot successfully identify it.
Third, profile-based methods might be intrinsically illDirect pairwise sequence comparisons superficially
appear to favor local rather than global homology be- suited to identifying homology when wholesale struc-
tural change has occurred, since sequence conserva-tween P22 Cro and  Cro, but in fact they offer no
statistically significant evidence for any homology. In a tion patterns will change in such a case. Fourth, existing
Cro homologs in the nonredundant database might beglobal alignment (Figure 4D), the two proteins are 25%
identical over 61 residues, placing them in the “twilight too sparse and/or diverse for profile-based methods to
work. In the fourth case, homology might be identifiedzone” of sequence similarity (Doolittle, 1981). The iden-
tity is higher (40%) for the structurally conserved half if the number of Cro homologs could be increased either
through accessing additional databases or through dethan for the divergent half (20%), and indeed an opti-
mal local alignment generated by LALIGN (Huang and novo cloning/sequencing. Many bacterial genomes are
known to contain prophage DNA, and bacterial genomeMiller, 1991) includes only the N-terminal half. However,
it is quite possible that the two halves of the domain databases (including unfinished genomes) are therefore
a potential source of new Cro homologs. With this inare both homologous but have evolved at different rates
due to higher selection pressures on the functionally mind, we amassed a local Cro database, first using PSI-
BLAST searches initiated from 11 known Cro proteins,important helix-turn-helix region. Moreover, the N-ter-
minal similarity is not statistically significant due to its then using hits from these searches as queries for pair-
wise BLAST searches of the translated NCBI microbialshort length (25 residues). Clearly, P22 Cro and  Cro
are too distantly related for direct pairwise comparison genome database. The combined searches yielded a
database of 55 Cro sequences, including 22 not pre-to offer anything more than suggestive evidence.
Profile-based methods, which can often identify more viously annotated as open reading frames (ORFs).
A PSI-BLAST search of our Cro database using  Croremote homologies, were similarly inconclusive. PSI-
BLAST (Altschul et al., 1997) searches of the NCBI nonre- as a query sequence identified P22 Cro as a hit after
six rounds at an inclusion cutoff of E	 0.01 (see Experi-dundant protein database initiated from P22 Cro or 
Cro failed to pick up any fragment of the other protein mental Procedures). This cutoff E value is very slightly
more liberal than the commonly used cutoff of E	 0.005.sequence as a hit, nor were RPS-BLAST searches of
the conserved domain database fruitful. We identified A similar PSI-BLAST search initiated from P22 Cro did
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spans residues 1–54 of P22 Cro (95% percent of the
overall structured region) and 5–54 of  Cro (85% of
the overall structured region). The homologous region
includes 21 residues (34–54) which are part of the “struc-
turally divergent half” identified in Figure 4D. The only
parts of the structurally divergent C terminus not in-
cluded in the alignment are three residues of helix 5 in
P22 Cro, and four residues of strand 3 of  Cro. In
recently described monomeric versions of  Cro (LeFe-
vre and Cordes, 2003), the last four residues of strand
3 are disordered and can be removed without destabili-
zation (T.N., K.R. LeFevre, M.H.J.C., unpublished data).
Hence, the alignment does include the entire strand
2/strand 3  hairpin of a minimal monomeric  Cro
domain.
As a second, independent assessment of the P22
Cro-Cro relationship, we performed a transitive homol-
ogy (Bolten et al., 2001; Pearson, 1996) analysis of our
Cro database. Using the program water in the EMBOSS
package (Rice et al., 2000), we conducted an all-against-
all pairwise local Smith-Waterman comparison, and
converted the results to a graph representation for ease
of visualization (Figure 7). A line (or edge) drawn directly
between two Cros (nodes) indicates direct pairwise ho-
mology, as assessed by a BLOSUM80 raw alignment
score of at least 89 (corresponding to a BLAST E value
of 0.001 for a 75 residue Cro in a search of the nonre-
dundant protein database). At this level of similarity, 42
of 55 database Cros, including both P22 Cro and  Cro,
form a single cluster in which every member is directly
or transitively related to every other member. Notably,
none of the Cros shows this level of similarity to any of
the corresponding cI proteins, consistent with the model
that P22 Cro and  Cro and the other Cros in this groupFigure 5. Different Glycine-Based Turn Motifs Involved in Reversal
of Chain Direction in the Structurally Divergent C Terminus are linear descendants of an ancient duplication and
form a coherent Cro lineage.(A) Ball-and-stick drawing of residues 43–50 of P22 Cro, with side
chain heavy atoms shown only for Thr46. The shortest transitive path connecting Cro and P22
(B) Ball-and-stick drawing of residues 43–50 of  Cro (O monomer Cro requires four steps passing through three “linker”
from the crystal structure [Ohlendorf et al., 1998]), with no side or “intermediate” Cros. The best of two such paths,
chains shown. Key hydrogen bonds are shown as green dashed
chosen on the basis of highest scores and alignmentlines. Drawings were generated using MOLSCRIPT (Kraulis, 1991)
lengths, is highlighted in Figure 7. Figure 8 shows aand Raster3d (Merritt and Bacon, 1997).
stack of the pairwise alignments representing the four
steps in this path. The sequence region common to all
not yield  Cro as a hit. An annotated version of part of alignments in the path (Figure 8) can be regarded as the
the PSI-BLAST output from the -initiated search (Figure estimated region of homology between P22 Cro and 
Cro. This region includes residues 15–54 of  Cro and6) shows that the aligned (and likely homologous) region
Figure 6. Annotated Portion of PSI-BLAST Output Showing Alignment of P22 Cro and  Cro
Secondary structures for  Cro (query) are shown above the  Cro sequence, and secondary structures for P22 Cro (subject) are shown below
the P22 Cro sequence (h, helix; e, strand). The aligned portions of the sequences are shown in bold, while unaligned portions at the N- and
C termini are italicized.
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Figure 7. Graph Representation of All-
against-All Pairwise Smith-Waterman Com-
parison of the Cro Database
Only the largest cluster, containing 42 of the
55 Cro sequences in the database, is shown.
Lines between nodes identify pairs of se-
quences that are related at a statistically sig-
nificant level (raw Smith-Waterman score
89; see Experimental Procedures and Re-
sults). A four-step transitive path connecting
P22 Cro and  Cro is highlighted, with raw
Smith-Waterman alignment scores shown for
each step. This figure was generated using
the program GraphViz (Gansner and North,
1999).
11–54 of P22 Cro. The local alignment between P22 Cro 4D. The fact that transitive homology, a pairwise
method, is as successful at identifying the P22- homol-and  Cro implied by Figure 8 is considerably shorter
at the N terminus than the PSI-BLAST alignment. Other- ogy as a profile-based method like PSI-BLAST is re-
markable. It may indicate that profile-based methodswise, however, the two alignments are virtually identical,
and both agree well with the global alignment of Figure are poorly suited to cases where wholesale evolutionary
Figure 8. Stack of Four Pairwise Alignments from the Transitive Path Highlighted in Figure 7
Sequences and their names are shown in black. Identities and positives for each pairwise comparison are shown in red. The beginning and
end of each local alignment are indicated by the first and last red characters, respectively. Secondary structure annotations (P22 at top,  at
bottom; h, helix; e, strand) are shown in blue.
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structural change disrupts sequence conservation pat- 15 residues, comprising 30%–33% of the ordered por-
tions of each domain, has a  hairpin structure in domainterns.
Together, the PSI-BLAST and transitive homology 6 but folds predominantly as  helix in domain 1. The
plausibility of homologous switching has also beenanalyses form a strong argument for approximately
global homology between P22 Cro and Cro. In particu- demonstrated in vitro by the fact that the  sheet of
Arc repressor can be completely changed into a pair oflar, it is significant that both methods identify the same
homologous but structurally divergent 21 residue span helices by two substitution mutations. The first substitu-
tion, N11L, serves as an “evolutionary bridge,” leading(residues 34–54; compare Figures 6 and 8). The two
proteins show 6.2 A˚ backbone rmsd over this stretch. to population of the mutant fold in equilibrium with the
wild-type fold (Cordes et al., 2000). The second substitu-We conclude that the structural differences between Cro
proteins likely arose through a homologous switching tion, L12N, destabilizes the wild-type fold, leaving only
the novel mutant structure (Cordes et al., 1999). Thismechanism rather than through nonhomologous re-
placement. in vitro evolution of Arc repressor’s fold involved 14
residues comprising 17% of the ordered region. These
three cases, the most dramatic of which is arguably the
Discussion structural change in Cro, together argue for the plausibil-
ity of homologous switching as a mechanism for evolv-
It is well accepted that, in protein evolution, structure is ing novel folds.
much better conserved than sequence (Pearson, 1996). An oft-cited reason for structural conservation in evo-
Folds can remain the same over long evolutionary dis- lution is the difficulty of changing structure while pre-
tances, even when all trace of sequence similarity has serving a function. In fact, this dilemma is nicely illus-
been erased. The increasing realization that folds can trated by the changes observed in Arc and LEKTI.
also change is both intriguing and reassuring: a more Domain 1 of LEKTI has no known function, nor does
flexible model of structural divergence posits a signifi- “switch Arc.” Both of these structural changes disrupt
cant role for biological evolution in the creation of exist- key functional moieties, a DNA binding motif in the case
ing protein fold diversity. Even more fascinating are the of Arc and an inhibitory loop in LEKTI. On the other
mechanistic issues involved: what kinds of mutational hand, both  Cro and P22 Cro have previously been
processes produce new folds? Can new folds arise shown to bind to operator sequences in vitro at nanomo-
through the same sort of secondary structure switching lar concentrations (Johnson et al., 1979; Poteete et al.,
processes that appear to be a feature of some confor- 1986). Accordingly, the region which switches structure
mational diseases? Can these new folds function? in Cro does not include the helix-turn-helix motif, al-
Our results support the occurrence of homologous though it does mediate homodimerization of the protein
-to- structural switching in Cro protein evolution, when bound to full operator sites (Albright and Mat-
leading from an all- ancestral fold, represented here thews, 1998). In solution, dimerization of  Cro is much
by P22 Cro, to a mixed  fold, represented by  stronger (Darling et al., 2000; Jana et al., 1997; LeFevre
Cro. Specifically, we contend that the local alignments and Cordes, 2003) than that of P22 Cro, and cognate
produced by the PSI-BLAST and transitive homology operator affinity also appears to be higher (Johnson et
analyses are statistically significant and provide close al., 1979; Poteete et al., 1986). Thus, the Cro switch is
estimates of the minimal region of homology between to our knowledge the only case of dramatic homologous
P22 Cro and Cro. This region includes almost the entire secondary structure switching to occur with preserva-
ordered region of the two domains, even the structurally tion (and conceivably improvement) of a similar biologi-
divergent portion. We estimate that the homologous cal function.
stretch of sequence undergoing a dramatic evolutionary The question of what specific mutations directly in-
structural change in Cro spans 21 residues and contains duced the Cro switch (or helped permit it to happen)
37%–40% of the ordered residues in P22 Cro and  remains unanswered. While it is tempting to suggest
Cro. While the heart of the change is a switch from that simple substitutions in the C-terminal region were
predominantly  helix to  sheet secondary structure, primary causative factors, we speculate that mutations
equally striking is a remarkable switch between different elsewhere in the sequence, including small insertions
glycine-based turn/termination motifs in the region in- or deletions, also played an important role. For example,
tervening between secondary structure elements (Fig- shortening of the linker region connecting the conserved
ure 5). and divergent halves (see Figure 8) could have topologi-
Are there other known cases of homologous second- cally disfavored the helical fold (Grishin, 2001) and
ary structure switching in evolution? In most described thereby promoted a switch to  structure. In addition,
examples of evolutionary secondary structure replace- the first strand of the  Cro  sheet is encoded in part
ment (Grishin, 2001), the relationship between the struc- by a 4 residue N-terminal sequence not present in P22
turally different sequence segments is unclear, and the Cro (see Figure 4D). This extension could have played
possibility of structural evolution by introduction of for- a role in “recruiting” an -to- switch in the C terminus.
eign segments cannot be discounted. Very recently, Thus, slight lengthening of the N terminus may have
however, it has been shown that domains 1 and 6 of been a prerequisite to the -to- switch, if not a direct
the LEKTI serine proteinase inhibitor have different folds causative factor. In this light, it is interesting to note
despite global sequence homology, including what ap- such a gradual lengthening along the transitive path
pears to be clear similarity in the structurally different from P22 Cro to  Cro (Figure 8). We should also note
that while our results likely rule out nonhomologous re-regions (Lauber et al., 2003). A stretch of approximately
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resuspended in 5 ml deionized water, and then frozen and lyophi-combination events as a mutational mechanism, it re-
lized again. The resulting protein was  98% pure as judged bymains possible that the direct cause of the switch was
Coomassie R-250 staining of SDS-PAGE gels. For analytical ultra-a homologous recombination event.
centrifugation experiments, an additional step was added following
The ability of regions of evolving protein sequences the Mono S column, in which NaCl was added to a concentration
to switch secondary structure as a function of straight- of 200 mM and the sample passed over a Sephacryl S-100 size
exclusion column.forward mutational processes is conceptually related to
the ability of single sequences to undergo - switching
as a function of ligand binding, solvent conditions, Analytical Ultracentrifugation and Circular Dichroism
chemical modification, partial or complete denaturation, Sedimentation equilibrium experiments on P22 Cro were performed
on a Beckman Optima XL-I analytical ultracentrifuge at protein con-or protein-protein interactions. -to- transitions are in-
centrations of 150 and 300 M (50 mM Tris [pH 7.5], 250 mM KCl,volved in regulation, occurring for example as a function
0.2 mM EDTA), rotor speeds of 30,000 and 37,000 rpm, and a temper-of GTP hydrolysis in Ef-Tu (Abel et al., 1996) and upon
ature of 20C. Samples were dialyzed extensively prior to centrifuga-membrane association in bacterial cytotoxins (Shepard
tion, and absorbances were referenced directly to dialysis buffer.
et al., 1998). Secondary structure switches are also fea- Radial scans were measured as an average of 15 replicate scans
tures of some conformational diseases. For example, in with a radial spacing of 0.001 cm. Relevant parameters, including
molecular masses, solvent densities, and partial specific volumes,prion protein (Pan et al., 1993) an -to- transition ap-
were calculated using the program SEDNTERP (John Philo, Amgen,pears to be an important step in disease-associated
Thousand Oaks, CA and RASMB). Curves were fitted to single idealamyloid fibril formation. Cro structural evolution mimics
species models using Kaleidagraph (Synergy Software, Reading,this type of amyloidogenesis, both in its directionality
PA), yielding the reported molecular weight values (see text). These
and in the sense that the  sheet fold subsequently or fits showed residuals evenly distributed about zero. Absorbance
simultaneously oligomerizes through intermolecular  offset values in the fits were constrained to be zero. Far ultraviolet
circular dichroism spectra of P22 Cro were obtained on an Aviv 62Asheet formation. The further study of homologous
DS CD spectrometer by scanning from 250 to 205 nm at a proteinswitching in evolution may prove germane to under-
concentration of 50 M (100 mM sodium phosphate, pH 7.0), in astanding the influence of genetic polymorphisms on sus-
quartz cell with a pathlength of 1 mm.  Cro wild-type and mutantceptibility to conformational disease.
spectra used for comparison in Figure 2B were from an earlier study
(LeFevre and Cordes, 2003). Thermal melts were obtained at a pro-
Experimental Procedures tein concentration of 5 M (50 mM Tris [pH 7.5], 250 mM KCl, 0.2
mM EDTA) and were measured from 20C to 80C at 1C intervals.
Cloning, Expression, and Purification of P22 Cro Equilibration times at each temperature were 1 min, and ellipticity
The cro gene from bacteriophage P22 was amplified by PCR from was averaged over 30 s for each point. Concentrations of P22 Cro
a sample of P22 genomic DNA (purified by J. DeAnda in the labora- were determined from ultraviolet spectra using 280 
 10,347 cm1.
tory of Robert Sauer) and inserted into a pET21b expression vector.
To express the P22 Cro protein, the resulting construct, pMC121,
was transformed into E. coli BL21(DE3) cells. For unlabeled sam- NMR Samples and Spectra
NMR spectra of P22 Cro were obtained on a Bruker DRX-600 spec-ples, freshly transformed cells were grown in 2-4L Luria-Bertani (LB)
broth. For isotopically labeled samples, freshly transformed cells trometer using 6 mM unlabeled, 3.5 mM uniform 15N-labeled, 5 mM
10% 13C-labeled, and 2.75 mM uniform 15N-13C-labeled samples. Allwere grown in 2–4 liters M9T medium supplemented with
15N-ammonium chloride and/or 13C6-glucose as the sole nitrogen samples contained 50 mM sodium phosphate (pH 6.3–6.4), 10%
2H2O, 0.01% sodium azide, and 1 mM trimethylsilylpropionateand/or carbon source. Cultures were grown at 37C until they
reached A600 0.25, at which point the temperature was lowered to (TMSP). The following spectra were obtained at 293 K: 2D 1H-1H
DQF-COSY, 2D 1H-1H NOESY (50, 100, and 150 ms mixing times),30C. Protein expression was then induced by addition of IPTG at
A600 
 0.55, and growth continued for approximately 2 hr. Following 2D 1H-1H TOCSY (80 ms mixing time), 2D 15N-1H HSQC, 3D 15N-1H
HSQC-NOESY (100 ms mixing time), 3D 15N-1H HSQC-TOCSY (80harvesting by centrifugation, the cell pellets from 4 liters of culture
were resuspended in a total of 50 ml lysis buffer (100 mM tris [pH ms mixing time), HNHA, HNHB (and reference spectrum), 2D 13C-1H
HSQC (5–75 ppm and 110–140 ppm), 2D 13C-1H constant time HSQC8.0], 500 mM KCl, 1 mM EDTA, 10 mM MgCl2). 100 l of 100 mM
phenylmethylsulfonyl fluoride (PMSF) in ethanol was added to the (5–75 ppm), 2D 13C-1H HSQC-TOCSY (5–75 ppm and 110–140 ppm),
2D 13C-1H HSQC-NOESY, and 3D 13C-1H HSQC-NOESY (5–75 ppm;resuspension and the cells lysed by sonication (4  1 min bursts).
An additional 100 l of 100 mM PMSF was then added and the 100 ms mixing time). The following spectra were obtained at 300 K:
2D 1H-1H DQF-COSY, 2D 1H-1H NOESY (150 ms mixing time), andsonicated mixture diluted to a volume of 400 ml in lysis buffer. 4 ml
10% polyethyleneimine (PEI) was added dropwise with stirring at 2D 1H-1H TOCSY (80 ms mixing time). Amide-hydrogen exchange
protection was measured at 293 K by 2H2O resuspension of a lyophi-4C, followed by stirring for an additional 30 min, followed by centrif-
ugation for 30 min at 14,000  g. Ammonium sulfate was slowly lized uniform 15N-labeled sample (pH 6.4, uncorrected meter read-
ing), followed by acquisition of 15N-1H HSQC spectra approximatelyadded to the supernatant, with stirring at 4C, to the extent of 55%
saturation. The mixture was stirred for 1 hr at 4C, followed by every 15 min.
Spectra were processed using NMRPipe/NMRDraw (Delaglio etcentrifugation for 30 min at 20,000  g. After discarding the pellet,
the ammonium sulfate concentration was brought to 90% satura- al., 1995) and analyzed using NMRView (Johnson and Blevins, 1994).
Due to the small size of P22 Cro, a complete set of 15N, 13C, andtion, and the mixture stirred for 6 hr to overnight, followed by centrif-
ugation for 30 min at 20,000  g. The pellet was resuspended in a 1H resonance assignments (except carbons and nitrogens without
detectable attached protons) emerged straightforwardly from con-minimal amount of PC buffer (20 mM Tris [pH 8.0], 0.1 mM EDTA,
5% glycerol, 1.4 mM -mercaptoethanol) and dialyzed extensively ventional analyses of the spectra listed above. H CSI analysis
(Wishart et al., 1992) was performed using NMRView. Stereospecificagainst the same. The dialysate was centrifuged for 15 min at
12,000  g to remove precipitated proteins. The supernatant was assignments of all leucine and valine methyl resonances were ob-
tained by examination of the 13C-1H HSQC spectrum of a 10% 13C-loaded onto a Mono Q column equilibrated in PC buffer. P22 Cro
came out in the flowthrough, which was collected and loaded in 5 labeled sample (Neri et al., 1989). No stereospecific assignments of
 methylene groups were obtained directly. However,  methyleneml runs onto a Mono S column equilibrated in PC buffer. P22 Cro
does not flow through immediately but elutes prior to applying a stereospecific assignments for Tyr2, Phe10, Leu42, and Tyr57 were
inferred during refinement using a combination of a single observedgradient, upon continued washing with PC buffer. The pooled Mono
S fractions were dialyzed extensively against 50 mM ammonium 1 conformation (near 60) in calculated ensembles and 2 Hz
differences in the two 3JNH values.bicarbonate (pH 8). The dialysate was frozen at 75C, lyophilized,
Secondary Structure Switching in Cro Evolution
579
Restraint Assignments using LALIGN (Huang and Miller, 1991). BLAST, PSI-BLAST, and
RPS-BLAST searches, with the exception of searches describedDuring assignment of NOESY crosspeaks, chemical shift degenera-
cies were resolved using five rounds of an iterative structure calcula- below within our local Cro database, were performed using the
NCBI server (http://www.ncbi.nlm.nih.gov/BLAST/). Our local Crotion-assignment procedure in combination with examination of 15N
and 13C isotope-edited NOESY experiments as well as 2D 1H-1H database was assembled in a manner similar to that described
previously (LeFevre and Cordes, 2003). In the present case, 11 pro-NOESY spectra obtained at different temperatures. Crosspeak in-
tensities from the 50 ms 2D NOESY spectrum were calibrated to teobacterial phage Cro sequences (P22, PY54, N15, , Aaphi23, D3,
phi-E125, HK022, V, H-19B, and phi-80), with no significant pairwiseinteratomic distances using tyrosine and phenylalanine d nOes
and assuming a 1/r6 distance dependence of the intensity. Assigned similarity to each other or to any cI proteins, were used as seed
queries for PSI-BLAST searches (BLOSUM62 matrix with defaultcrosspeaks were then divided into strong (2.8 A˚ distance cutoff),
medium (3.4 A˚ distance cutoff), or weak (4.5 A˚ distance cutoff) bins. gap penalties) of the NCBI nonredundant protein database. Hits in
the PSI-BLAST searches were subsequently used to find additionalIn assigning final distance restraint bounds for these classes, 0.1 A˚
was added to the outer bound of the medium class and 0.5 A˚ to homologs in BLAST queries of proteobacterial genomes from the
translated NCBI microbial genome database. As part of this search,the weak class to account for uncertainties in peak intensity. The
final strong, medium, and weak restraint classes corresponded to preliminary microbial genome sequence data was indirectly ob-
tained from The Institute for Genomic Research website at http://distance bounds of 1.8–2.8, 1.8–3.5, and 1.8–5.0 A˚, respectively.
Restraints visible only in the 150 ms NOESY were placed in a fourth, www.tigr.org. All Cro open reading frames (ORFs) identified in these
searches were validated by the presence of an adjacent, divergently“very weak” class (1.8–6.0 A˚). Restraints assignable only in 100 ms
isotope-edited NOESY spectra were given the bounds 1.8–5.0 A˚. transcribed cI ORF of greater length than the Cro ORF (see Figure
1A). ORFs were identified using the NCBI ORF Finder utility (http://NMR samples typically contained several percent of an as yet un-
identified impurity, which appears to be a slightly modified version www.ncbi.nlm.nih.gov/gorf/gorf.html). The BLAST searches yielded
only hits to Cro and not cI ORFs. The resulting database containedof P22 Cro. To avoid crosspeak assignment errors in the 2D NOESY,
we estimated the intensity of the strongest NOE observable from proteins from sequenced bacteriophages, as well as from pro-
phages integrated into the genomes of sequenced proteobacteria.this impurity in different regions of the spectrum, and excluded
peaks with intensities lower than this cutoff. Database Cros were named according to the phage, prophage,
genomic island, or mobile sequence element in which they were3JHNH values were derived from HNHA spectra as described (Vuis-
ter and Bax, 1993). A dihedral angle restraint of 90  φ  40 found, if such a genetic element had been identified and named in
the literature (Casjens, 2003). Otherwise, we assigned names in awas assigned to residues with 3JHNH 	 6.0 Hz. A dihedral angle
restraint of160 φ80was assigned to residues with 3JHNH manner similar to published bacterial prophage nomenclature (Cas-
jens, 2003), and attached a lowercase p to indicate that the prophage8.0 Hz. 3JNH values were derived from HNHB spectra, with quantita-
tive values obtained by comparison of volume integrals with those was putative. For example, AF01p indicates the first Cro (01) identi-
fied from a putative prophage (p) in the incomplete Acidithiobacillusfrom a 2D reference spectrum (Bax et al., 1994). A dihedral angle
restraint of 140  1  220 was assigned to residues in which both ferrooxidans (AF) genome.
PSI-BLAST searches of our local Cro database were performed methylene protons had 3JNH 	 2 Hz.
Amide protons were considered to be hydrogen bonded if they using a stand-alone copy of the BLAST suite. To mimic E values
from BLAST searches of the nonredundant protein database, wewere visible in the first 15N-1H correlation spectrum acquired follow-
ing resuspension in 2H2O of a lyophilized H2O sample. Because of specified an effective database size of 400,000,000. The matrix used
was BLOSUM80 with a gap opening penalty of 10 and a gapthe high pH of our samples (P22 Cro is prone to aggregation at
lower pH), relatively few protons showed unequivocal protection, extension penalty of 1. BLOSUM80 has been recommended for
short sequences (50–85 amino acids) due to its high H value relativeleading to a small number of hydrogen bond restraints (see Table 1).
In regions of helical secondary structure, hydrogen bond acceptors to BLOSUM62 (Mount, 2001). Transitive homology analysis was
done using a homemade perl script that compared every sequencewere identified by examination of backbone dN nOes (Arseniev et
al., 1988). For two protons (Trp30 1 and Ile34 N), protection was in our database to every other sequence using calls to a local copy
of the EMBOSS (Rice et al., 2000) program water, which performsobserved despite the absence of extensive regular secondary struc-
ture. In these cases, acceptors were identified during refinement by Smith-Waterman alignments. The matrix and gap penalties were
the same as in the PSI-BLAST searches. A cutoff raw BLOSUM80observation of hydrogen bonding to a single candidate acceptor
in calculated ensembles. Hydrogen bonds were described by two alignment score of 89 was used as a criterion for direct pairwise
homology. This score was found to correspond to a BLAST E valuedistance restraints: 1.5–2.3 A˚ between the carbonyl oxygen and the
amide proton, and 2.4–3.3 A˚ between the carbonyl oxygen and the of 0.001 (no composition-based statistics) in searches of the non-
redundant database using BLOSUM80 and Cro proteins of typicalamide nitrogen.
size (75 residues). From the full set of comparisons, a graph was
generated in which the Cro sequences were nodes and the directStructure Determination and Analysis
pairwise homologies were edges. This graph was then visualized30 structures were calculated with CNS 1.1 (Brunger et al., 1998),
(Figure 7) using the program GraphViz (Gansner and North, 1999).using a standard simulated annealing protocol and employing ran-
Transitive paths from  Cro to P22 Cro were identified visually fromdom variation of initial velocity from an extended starting structure.
the graph output.23 structures were accepted with no NOE violations 0.4 A˚ and no
dihedral angle violations 5. Of these, two were discarded for
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